We have developed an assay to study homologous DNA-pairing activities in mammalian nuclear extracts. This assay is derived from the POM blot assay, described earlier, which was specific for RecA activity in bacterial crude extracts. In the present work, proteins from mammalian nuclear extracts were resolved by electrophoresis on SDS/polyacrylamide gels and then electrotransferred onto a nitrocellulose membrane coated with circular single-stranded DNA (ssDNA). The blot obtained was incubated with a labeled homologous double-stranded DNA (dsDNA). Homologous pairing between the ssDNA and the labeled dsDNA was detected by autoradiography as a radioactive spot on the membrane. In nuclear extracts from mammalian cells, we found two major polypeptides of 100 and 75 kDa, able to promote the formation of stable plectonemic joints. Joint molecule formation required at least one homologous end on the dsDNA, but either end of the dsDNA could be recruited to initiate the reaction. For each polypeptide, the reaction required divalent cations such as Mg2+, Ca2+, or Mn2+. Although ATP was not necessary, ADP was inhibitory in each case. Unlike most of the known eukaryotic DNA-pairing proteins, both activities identified here were able to promote the formation of joint molecules without requiring an associated exonuclease activity. In addition, these two proteins were detected in cell lines from different tissues and from different mammalian species (human, mouse, and hamster).
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The most-documented process involving search for homology and homologous DNA pairing is homologous recombination. Besides recombination, homologous pairing could be involved in other fundamental biological processes such as chromosome pairing (for review see ref. 1) , gene inactivation (for review see ref.
2), initiation of viral replication (3) , and DNA repair. Base pairing is also involved in spliceosome assembly, which may result in formation of a Holliday-like structure (4) .
The first DNA pairing and strand exchange protein to be discovered was the Escherichia coli RecA protein. In vivo, the involvement of RecA protein in mutagenesis and recombination is well documented. In vitro, RecA protein is able to align one single-stranded DNA (ssDNA) with a double-stranded DNA (dsDNA) and to promote formation of stable plectonemic joints in a sequence-dependent manner (for review see refs. [5] [6] [7] . Recently, Rad5l, a protein involved in DNA repair and recombination in Saccharomyces cerevisiae, has been shown to promote homologous pairing and strand exchange (8) . Pairing and strand exchange proteins have been identified in virus-infected cells (9) (10) (11) (12) (13) and in many eukaryotic organisms (14) (15) (16) (17) (18) (19) (20) (21) . Unlike RecA protein, the three best-characterized eukaryotic proteins-human HPP-1 (21) , yeast SEP1/ STP,B (14, 15) , and Drosophila Rrpl (19) proteins-contain an
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intrinsic or tightly associated exonuclease activity which is thought to be required for the initial synapsis step. However, when resected dsDNA is used or when an exonuclease activity is present in the preparation, the classical three-strand reaction can lead to artifacts, as discussed elsewhere (22) . Thus, demonstration of mammalian proteins able to promote homologous pairing without such requirement of associated exonuclease activity is of particular interest.
We have developed an in vitro assay to measure homologous pairing reaction: the pairing on membrane (POM) blot. This assay was tested with pure RecA protein from E. coli (23) . In the present work, we have adapted the POM blot to the analysis of pairing activities in mammalian nuclear extracts.
MATERIALS AND METHODS
Reagents. Nitrocellulose membranes (HybondC-super; 0.45-,um pores) were purchased from Amersham. ds-and ssDNA-cellulose was purchased from Sigma. ATP, ADP, adenosine 5'-[y-thio]triphosphate (ATP['yS]), dNTPs, protease inhibitors, proteinase K, and DNA restriction and modification enzymes were purchased from Boehringer Mannheim.
Cells. HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum and glutamine. Cells were checked for the absence of mycoplasma contamination by Hoechst 33342 fluorescence.
DNA. Wild-type bacteriophage M13 or pBSTII phagemid (Stratagene) ds-and ssDNAs were prepared as described (24) . dsDNA was labeled with 32p, filling in the 5' protruding ends by using polymerase I large fragment, as described (24) . In some experiments 5' ends of the dsDNA were labeled by using polynucleotide kinase and ['y-32P]ATP.
Preparation of Nuclei and Nuclear Extracts. Nuclei from 2-5 x 108 cells were isolated by hypotonic lysis and nuclear extracts were prepared as described previously (25) . Cytoplasmic S100 fraction was prepared as described (26) .
POM Assay. Protein samples without prior boiling were electrophoretically resolved on SDS/10% polyacrylamide gels (27) . After electrophoresis, gels were equilibrated for 20 min at room temperature in transfer buffer (25 mM dry milk) for 30 min at room temperature with gentle agitation and then washed in incubation buffer (33 mM Tris HCl, pH 7.5/2 mM dithiothreitol/10 mM MgCl2). The membrane was incubated, unless otherwise specified, in the standard mixture containing incubation buffer with 0.6 ,uM dNTPs, 0.1 mM ATP[,yS], and end-labeled dsDNA with a specific activity of 106 cpm/,g at 0.5-1 ,g/ml. Incubation was carried out in a sealed bag for 2 h at 37°C, unless otherwise noted, using gentle agitation. After incubation the membrane was washed for two 5-min periods with buffer (10 mM Tris HCl, pH 7.5/5 mM EDTA/0.5% SDS) and incubated in the same buffer containing proteinase K at 0.1 mg/ml for 2 h at 50°C with gentle agitation. After digestion with proteinase K the membrane was washed for three or four 15-min periods with 2x SSC/0.1% SDS at 65°C (1 x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH 7.0). Joint DNA molecules were detected by autoradiography, quantified by using a Phosphorlmager (Molecular Dynamics).
RESULTS

Identification of Two Pairing Activities in Human Nuclear
Extracts. Using the strategy depicted in Fig. 1 , we reproducibly detected two major polypeptides with pairing activities in mammalian nuclear extracts (Fig. 2) . However, we cannot rule out the possibility that some pairing proteins irreversibly lose their activity after SDS/PAGE and consequently would not be revealed. In some experiments, two additional minor bands were detected (e.g., Fig. 2B ). The localization of the two major bands after SDS/PAGE corresponds to the migration of polypeptides of 100 (± 10) and 75 (± 10) kDa. For that reason, we have designated these proteins harboring a POM activity POMp100 and POMp75, respectively. The intensity of the signal depended on the amount of protein loaded ( Fig. 2A ) and on the duration of the incubation (Fig. 2B ). At 37°C, the formation of joint molecules promoted by POMp75 and -100 reached a maximum after 2 h of incubation.
No activities were found in the cytoplasmic S100 fraction even when 80 ,g of protein was loaded on the gel. Additionally, experiments on the stepwise salt extraction of POM proteins from nuclei show that they start to elute at 0. NaCl, and an increase up to 0.5 M is required for their optimal extraction (data not shown). These data suggest the association of POMplO0 and POMp75 with the nuclei.
Pairing activities were analyzed in cell lines from different tissues and from different mammalian species. We examined nuclear extracts from HeLa cells (human epithelial cells), human fibroblasts transformed by simian virus 40, human lymphoblasts, mouse L cells (transformed fibroblasts), F9 cells (mouse embryonic transformed cells), and V79 cells (hamster lung cells). In all cases a similar pattern was observed: two major bands of the pairing activities at 100 and at 75 kDa (data not shown).
Substrate Requirements. Pairing activities of POMplO0 and of POMp75 required the presence of both ss-and dsDNAs and sequence homology between the two DNA substrates. Indeed, no signal could be detected when there was no ssDNA on the membrane or when heterologous DNAs were used (Fig. 3A) . Moreover, equivalent signals were obtained with a heterologous insert on either one of the ends of the dsDNA (Fig. 3B) . In contrast, when the dsDNA bore heterologous sequences Step A, proteins from nuclear extracts were separated by PAGE in the presence of SDS.
Step B, proteins were electrotransferred onto a nitrocellulose membrane coated with ssDNA.
Step C, the blot was incubated with a homologous labeled dsDNA.
Step D, DNA/protein complexes unrelated to homologous pairing and dsDNA nonspecifically bound on the membrane were removed by proteinase K treatment followed by extensive washing.
Step E, autoradiography revealed homologous pairing activity as a radioactive band, corresponding to the migration of the proteins displaying this activity. (140 and 160 bp long) on both ends, no signal was detected (Fig. 3B ). These results demonstrate that at least one homologous end was necessary and indicate that formation of plectonemic joints was promoted by POMplO0 and POMp75. To confirm this interpretation, we analyzed the thermal stability of the joint molecules formed on the membrane.
Thermal Stability of the Joint Molecules Promoted by POMplO0 and POMp75. Thermal stabilities of signals obtained under PAGE-POM conditions were compared with those obtained by Southern blotting (DNA-DNA interactions) or by Southwestern blotting (DNA-protein interactions). In the latter case, PAGE-fractionated proteins were electrotransferred onto a membrane not coated with ssDNA and, after incubation with labeled dsDNA, membranes were not treated with proteinase K but were washed three times with incubation buffer at room temperature. POM proteins correspond to DNA-binding proteins, but Southwestern analysis shows at least two additional major DNA-binding proteins (Fig. 4A) . The POM signal exhibited a high thermal stability (Fig. 4) , with a melting point depending on the Na+ concentration in washing buffers (Fig. 4B) . In 0.1 x SSC, 50% of radioactivity remained after washing at 70°C. This corresponds to the thermal stability of dsDNA hybrids obtained by Southern blotting (Fig. 4B) . In contrast, the DNA/protein signal decreased rapidly. Indeed, in this latter case, 80% of the radioactivity was removed after washing at 45°C (Fig. 4B) . Taken together, the data show that the signal produced by POM proteins results in DNA-DNA interaction rather than from DNA-protein binding.
The Pairing Signal Did Not Result from Exonuclease Activity. Most of the eukaryotic pairing proteins characterized earlier exhibit associated exonuclease activities, which are believed to be involved in the initiation of the pairing reaction.
Using the substrates described in Fig. 5A , we examined whether the POM proteins required an exonuclease activity to initiate homologous pairing. The strategy was based upon the use of dsDNA bearing a heterologous sequence on one end to avoid complete strand displacement and to initiate pairing on only one side of the dsDNA. Indeed, we used the same substrate as in Fig. 3 . Thus, the length of heterologous sequence (140 or 160 bp) was sufficient to prevent initiation of homologous pairing on this side as demonstrated in Fig. 3 The strategy was based on using of dsDNA substrates labeled at one end homologous to ssDNA. The noncomplementary strand of the dsDNA was labeled at its 3' or 5' end. pBSTII viral (+) strand was on the membrane and dsDNA substrate was pBSTII containing a 300-bp heterologous fragment (see Fig. 3B ). dsDNA labeled at the 5' end of the (+) strand was obtained by cleavage with BamHI and labeling by T4 polynucleotide kinase. 5'-Labeled DNA was then digested by Nco I and the fragment labeled only at the 5' homologous end of the (+) strand was purified by agarose gel electrophoresis. dsDNA labeled at the 3' end of the (+) strand was obtained by cleavage with Cla I and labeling by DNA polymerase I large fragment. 3'-Labeled DNA was then digested by Nco I and the fragment labeled only at the 3' homologous end of the (+) strand was purified by agarose gel electrophoresis. The length of heterologous sequence was 140 or 160 bp. (B) Pairing signal detected by the PAGE-POM assay with the DNA substrates described above. HeLa nuclear extracts were loaded at 15 ,ug per lane and the assay was performed with 5'-or 3'-labeled dsDNA as indicated.
ssDNA on the membrane was labeled on the dsDNA. Moreover, dsDNA was labeled on the last nucleotide, on either the 3' or the 5' end. To obtain a signal, an exonuclease activity should produce a single-stranded tail on the dsDNA, complementary to the (+) strand on the membrane. Thus, this ssDNA tail should be the (-) strand, implying that the (+) strand should be digested. This would remove the labeling of the dsDNA resulting in absence of signal.
With both 5'-and 3'-labeled substrates, a pairing signal was produced with POMplO0 as well as with POMp75 (Fig. SB) , demonstrating that POMp75 and POMpl00 were able to form joint molecules without requiring associated exonuclease activity.
Biochemical Characteristics of the POM Proteins. Like most of the eukaryotic pairing proteins previously described, neither POMplO0 nor POMp75 required ATP to promote homologous pairing. Both POMplO0 and POMp75 remained active when ATP was omitted during the incubation (Table 1) . Addition of ATP or ATP[-yS] had no marked effect on the pairing activity of either POMplO0 or POMp75. However, 1 mM ADP drastically inhibited the pairing activities of both POMp75 and POMplO0. The reaction was more efficient in the absence of salt, and addition of NaCl resulted in decrease of POM signal (Table 1) .
Divalent cations were absolutely required for DNA pairing, and omitting them completely inhibited the reaction. Mg21 could be replaced by Ca2+ or Mn2+ but not by Zn2+ (Table 1 ).
The ability to bind both ss-and dsDNA is essential for proteins promoting homologous pairing. To examine whether POM proteins possess this characteristic, HeLa nuclear extracts were loaded on ss-or dsDNA-cellulose columns. After washing, bound proteins were eluted with a stepwise gradient of NaCl. Collected fractions were tested by PAGE-POM assay. Both POMplO0 and POMp75 bound to ss-and dsDNA cellulose, as no activity was found in the flow-through fractions. Both POM proteins were eluted from dsDNA-cellulose at 0.2 M NaCl, whereas 0.4 M was required for their elution from ssDNA-cellulose (Table 1) .
DISCUSSION
In this report, we describe the identification of two DNApairing activities in different mammalian cell lines by using the PAGE-POM assay. Their absence from the cytoplasmic fraction and requirement for high salt concentration for their extraction from isolated nuclei suggest that these activities are associated with the cell nucleus.
The activities described here promoted pairing of DNA molecules, fixed on a membrane, in a sequence homologydependent manner. Homology between the ssDNA and at least one end of the dsDNA was strongly required. The observation that heterologous sequences at both ends of the dsDNA impaired the formation of stable joint molecules indicates that plectonemic joints were formed on the membrane. Thermostability studies of the signal promoted by POMplO0 and POMp75 confirmed this interpretation.
Exonuclease activities can also lead to the formation of joint molecules: degradation of one strand of the dsDNA could produce single-stranded tails complementary to the ssDNA, and the two molecules could hybridize. In some occasions exonuclease activity can be relevant; however, this may also produce artifacts (22) . Several lines of evidence indicate that this was not the case for POMplO0 or POMp75. First, although high salt concentration favors spontaneous base pairing of two complementary ssDNAs, in our experiments, high salt concentration strongly inhibited the activity of POM proteins. Second, heterologous sequences at both ends of the dsDNA (140 and 160 bp long) completely blocked the reaction mediated by the POM proteins. Thus, a putative exonuclease activity associated with the pairing activities would be unable to remove 140 nucleotides in 2 h of incubation at 37°C. Finally, the experiments using dsDNA labeled at only one end of the (+) strand of the dsDNA directly exclude the involvement of a 5' or a 3' exonuclease. Indeed, when the (+) strand of M13 was on the membrane, to produce complementary (-) strand an exonuclease activity should digest the (+) strand of the dsDNA and would therefore remove the labeling from the dsDNA. Consequently, no radioactive signal should be detected. Although an exonuclease activity could have a stimulatory effect on such reactions, our results demonstrated that such activity is not absolutely required for the formation of joint molecules by POM proteins. We cannot absolutely rule out the possibility that a helicase activity could produce ssDNA that would then hybridize with the ssDNA on the membrane. However, this seems to be unlikely, because most of the helicases described are ATP dependent, in contrast to our reaction. Moreover, in such a hypothesis, heterologous sequences on both sides of the dsDNA should not block the reaction, since base pairing could occur on the central part of the DNA. The fact that no signal was obtained with dsDNA bearing heterologous sequences on both ends argues against the involvement of an associated "helix-destabilizing protein. " The two pairing activities described here absolutely required divalent cations. This requirement clearly distinguishes the reaction promoted by POM proteins from the pairing reaction promoted by histone Hi (28) .
Like most of the eukaryotic pairing proteins already described, pairing activities of POMpl00 and of POMp75 are ATP independent. Interestingly, ADP inhibited the reaction. This inhibitory effect may indicate a turnover mechanism similar to that described for RecA protein (29, 30) . Indeed, if ADP dissociates the POM proteins from the DNA, it would inhibit the formation of joint molecules. We can envision that a putative ATPase activity of POM proteins themselves or of another associated protein could facilitate the turnover of the POM proteins.
The best-characterized mammalian DNA-pairing protein is HPP-1 from a human T-cell leukemia cell line (21) . This 120-kDa protein catalyzes Mg2+-dependent, ATP-independent homologous pairing. Although in these respects HPP-1 resembles the POM proteins, there are several distinctions between them. In the presence of 0.1 M NaCl, the POM proteins do not bind to anion-exchange columns at pH 7.5 (data not shown), whereas HPP-1 binds to an anion-exchange column in the presence of 0.3 M NaCl at pH 7.2, indicating that the charges of the proteins are different. HPP-1 was strongly inhibited by increasing ATP (or a nonhydrolyzable analogue) concentration (21) , while POM activities were not affected by the same ATP concentrations (Table 1) . Like RecA protein (31), but unlike HPP-1 (21) , POM proteins were able to promote homologous pairing at each end of the dsDNA (see Fig. 3 ). Taken together, the results indicate that POM proteins and HPP-1 are different mammalian DNA-pairing proteins. A low concentration of HPP-1 in our extracts or a high sensitivity to SDS denaturation may account for the absence of any HPP-1 activity in our experiments.
In conclusion, we have detected and characterized two homologous pairing proteins promoting formation of stable plectonemic joints in mammalian nuclear extracts. These activities are ubiquitous in cell lines from different tissues and from different mammalian species. The technique described here can be used advantageously in studying the regulation of the POM activities in various cell lines and under different cellular conditions, to assess their implication in cellular physiology.
